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ABSTRACT
Galaxy evolution is thought to be driven in large part by the flow of gas between galaxies and
the circumgalactic medium (CGM), a halo of metal-enriched gas extending out to & 100 kpc from
each galaxy. Studying the spatial structure of the CGM holds promise for understanding these gas
flow mechanisms; however, the common method using background quasar sightlines provides minimal
spatial information. Recent works have shown the utility of extended background sources such as
giant gravitationally lensed arcs. Using background lensed arcs from the CSWA 38 lens system, we
continuously probed, at a resolution element of about 15 kpc2, the spatial and kinematic distribution
of Mg II absorption in a star-forming galaxy at z = 0.77 (stellar mass ≈ 109.7 M, star formation
rate ≈ 10 M yr−1) at impact parameters D = 5–40 kpc. Our results present an anisotropic, optically
thick medium whose absorption strength decreases with increasing impact parameter, in agreement
with the statistics towards quasars and other gravitational arcs. Furthermore, we detect low line-of-
sight velocities (v ≈ −25–80 km s−1) and relatively high velocity dispersion (σ ≈ 50 ± 30 km s−1) in
the Mg II gas. These measures provide evidence of a mainly pressure-supported, metal-enriched diffuse
gas recycling through the CGM rather than an active galactic outflow.
Keywords: Circumgalactic medium — Interstellar absorption
1. INTRODUCTION
Observing the distribution and kinematics of gas
within galaxies is a major challenge in understanding
galactic evolution. Much of the activity which drives a
galaxy’s evolution occurs in the circumgalactic medium
(CGM; e.g., Angle´s-Alca´zar et al. 2017; Hafen et al.
2019a), a region between a galaxy and the intergalactic
medium (Rudie et al. 2012; Shull 2014). The rate of gas
accretion from the CGM is the primary driver of the
star formation rate (SFR) in galaxies (e.g., Dekel et al.
2009; van de Voort et al. 2011). Accretion of CGM gas
with low metallicity also explains the relative paucity
of low metallicity stars within the disk (van den Bergh
1962; Sommer-Larsen 1991; Woolf & West 2012) as well
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as the existence of high-column but low-metallicity IGM
absorbers (e.g., Lehner et al. 2013; Hafen et al. 2017).
CGM regions typically have been probed at 10–
100 kpc scales through absorption seen in the spec-
tra of background quasars (e.g., Nielsen et al. 2013b;
Prochaska et al. 2017; Tumlinson et al. 2017; Chen
2017) and galaxies (e.g., Steidel et al. 2010; Diamond-
Stanic et al. 2016; Rubin et al. 2018b). These techniques
have yielded critical observational constraints and evi-
dence towards the relationship between the CGM and
galaxy properties; however, the data gathered from
such probes rarely provide conclusions on the spatial
structure within each CGM. Unless a galaxy has the
rare privilege of multiple sight lines piercing through its
CGM (Lehner et al. 2020), spatial information requires
either stacking the spectra of background sources (Stei-
del et al. 2010; Bordoloi et al. 2011; Rubin et al. 2018a,c)
or averaging ensembles of absorber properties (Chen
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Figure 1. Color HST images of the CSWA 38 lens system. North is up and east is to the left. Left: F160W/F110W/F814W
color image with the KCWI field of view shown for scale. The z = 2.92 arcs and z = 0.77 Mg II absorption host are labeled.
Right: F110W/F814W/F606W image zoomed in on the z = 0.77 target and background arcs. A perturber galaxy is
evident in HST imaging near arc 2, creating multiple images of region C (see Figure 2), and its mass profile is included
in the lens model.
et al. 2010; Nielsen et al. 2013a). While such statistical
studies provide important information regarding the av-
erage CGM profile around different galaxy populations,
they provide only a crude view of the CGM structure
around individual galaxies. However, recent observa-
tions of extended gravitationally lensed arcs (Lopez
et al. 2018, 2020) provide enhanced spatial sampling of
CGM, probing gaseous halos in individual galaxies on
scales of 1–100 kpc without potential biases or loss of
information introduced by stacking techniques.
In this paper, we probe the the spatial and kinematic
distribution of Mg II in the CGM of a z = 0.77 galaxy
based on spatially resolved spectroscopy of CSWA 38,
one of the gravitational lens systems catalogued in the
Cambridge And Sloan Survey Of Wide ARcs in the
skY (CASSOWARY, with target names abbreviated as
CSWA; Belokurov et al. 2007, 2009). CSWA 38 con-
sists of a galaxy cluster at z = 0.43 with two luminous
giant arcs at z ≈ 2.92, and multiple other moderately
magnified background sources (Figure 1; Koester et al.
2010; Bayliss et al. 2011). The subject of this study
is a z = 0.77 galaxy which lies between the two giant
arcs. Moderate resolution spectroscopy revealed promi-
nent Mg II and Fe II absorption at z = 0.77 in the back-
ground arc spectra (Jones et al. 2018), making this sys-
tem an ideal candidate for CGM absorption tomography
presented herein.
The paper is structured as follows. In Sections 2 and
3, we describe spectroscopic observations of the lensing
system as well as the lens model used to de-magnify the
absorber galaxy and to calculate impact parameters in
the absorber plane. Sections 4 and 5 present the main
analysis of the absorber galaxy properties, and the line
strength and kinematics of the Mg II gas. We discuss our
results in Section 6 and present our summary and con-
clusions in Section 7. Throughout this paper we adopt
a flat ΛCDM cosmology with H0 = 70 km s
−1 Mpc−1,
Ωm = 0.26, and ΩΛ = 0.74.
2. SPECTROSCOPIC DATA
CSWA 38 was observed with the Keck Cosmic Web
Imager (KCWI; Morrissey et al. 2018) on two separate
observing runs, on 2018 June 17 for 90 minutes at a sky
position angle of 135 degrees, and on 2019 June 2 for 55
minutes at an orthogonal position angle of 45 degrees.
Individual exposure times were 600–900 seconds. Condi-
tions ranged from clear to 0.5 magnitude of cloud extinc-
tion, with 0.′′8–1.′′1 seeing. KCWI was configured with
the medium slicer (0.′′7 slit width), BL grating, and cen-
tral wavelength λc = 5150 A˚ with the blue blocking filter
retracted. This provides wavelength coverage from ap-
proximately 4000–6300 A˚. This range includes the Mg II
λλ2796,2802 doublet redshifted to ∼4950 A˚ at z = 0.77,
and several Fe II transitions at rest-frame 2344–2600 A˚.
From arc lamp exposures we measure an approximately
constant spectral FWHM = 2.40 A˚ with <5% varia-
tion across the full wavelength range (e.g., R = 2060 at
λ = 4950 A˚).
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Data were reduced using the KCWI data reduction
pipeline (KDERP) version 1.0.2. KDERP performs in-
strument signature removal (bias, dark current, scat-
tered light, and flat fielding), sky subtraction, wave-
length calibration, and spatial rectification including a
correction for differential atmospheric refraction. Out-
put data cubes have 0.′′68×0.′′29 spatial pixels. Observa-
tions of the standard stars HZ43 and BD25D3941 were
taken on the same nights and used for flux calibration
of the 2018 and 2019 data, respectively.
Datacubes from individual exposures on both observ-
ing runs were resampled to a common grid and combined
with an arithmetic mean. The resulting datacube has
0.′′3 spatial pixels, adequately sampling both the native
pixel size and the seeing. This final datacube is used for
all subsequent analysis.
3. GRAVITATIONAL LENS MODEL
In order to study the impact parameter of the CGM
probed by the arcs, we must account for gravitational
lensing of the region around the Mg II absorber galaxy.
In this section we describe the adopted lens model which
sufficiently reproduces all the observational constraints.
We model the lens as a combination of a galaxy cluster-
scale dark matter halo plus individual galaxies, consid-
ering only those galaxies which significantly affect the
lens model in the vicinity of the Mg II absorber galaxy
and bright arcs (Figure 1). We ignore the perturbers
which are farther away since they have negligible effect
on the results of this work, and since we lack suitable
constraints on the lensing potential for regions beyond
the bright arcs.
The lens model is constructed using the Glafic (Oguri
2010) package, with the following mass components
(listed in Tables 1 and 2). The cluster mass distribution
is modelled as a NFW profile (Navarro et al. 1997) at
z = 0.43, with the central dominant (cD) galaxy mod-
elled as a singular isothermal ellipsoid (SIE). Another
Table 1. RA and Dec Positions of Objects Included in the
Lens Model
Object α δ
cD+Cluster (z = 0.43) 12:26:51.7 +21:52:25.4
Perturber (z = 0.43) 12:26:51.2574 +21:52:21.214
Absorber (z = 0.77) 12:26:51.3325 +21:52:17.154
Note—Galaxy centroid positions are determined from HST
optical (F606W) images. The perturber redshift is un-
known and assumed to be at the same z = 0.43 as the
cluster.
SIE profile at z = 0.43 is added to model the effect of the
perturber galaxy seen to the north of arc 2 (Figure 1).
Although we are unable to confirm spectroscopically, the
perturber is photometrically consistent with the cluster
redshift, having similar colors to the cluster red sequence
galaxies (e.g. HST F606W-F814W ≈ 1.1). We note
that its precise redshift does not affect the results of this
work. The absorber galaxy at z = 0.77 is modeled as a
singular isothermal sphere (SIS). The SIS is scaled and
treated as existing in the cluster z = 0.43 lens plane for
purposes of optimizing the Glafic lens model, while it is
rescaled to z = 0.77 for purposes of lens reconstruction
and analysis of circumgalactic Mg II absorption.
The lens model is constrained by multiple images of
individual star-forming regions within arc 2. The arc has
a clear fold-image symmetry in its visual morphology, in
which several individual regions can be identified (as also
discussed by Dai et al. 2020). We use three prominent
regions spanning the extent of the arc (denoted as A,
B, and C; multiple images are labeled as A1, A2, A3,
etc. in Figure 2). Further multiple images (C1, C2,
C3) are seen around the perturber galaxy located to the
north of arc 2 (Figure 1) along with a counter-image C4.
This multiplicity of region C provides good lens model
constraints on the perturber. Collectively these regions
pinpoint the location of the critical curve through arc 2.
We further identify a counter-image of arc 2 based on
consistent color and surface brightness (images A3, B3,
and C5 in Figure 2).
We fit the lens model allowing all NFW parameters to
vary, with a constraint on ellipticity to prevent overfit-
ting of the model. Priors are placed on the SIE and SIS
profiles to best fit the constraints. Glafic determines the
best-fit parameters using a downhill simplex method to
find the region of minimal χ2. The values of the best-fit
model are presented in Table 2 along with the adopted
priors. We note that the NFW profile mass is in good
agreement with expectations based on the cluster ve-
locity dispersion (Bayliss et al. 2011). Figure 2 shows
the location of the critical curve and predicted image
positions for the best-fit model.
The southern giant arc (arc 1) was not used in mod-
eling of this system and thus offers a key test of the lens
model. Our spectroscopic data and the HST imaging
indicate that the arc is a single highly magnified im-
age, which our lens model accurately reproduces. We
also note that our lens model produces the same gen-
eral features as the model of Dai et al. (2020), although
there are some differences in the orientation of the crit-
ical curve beyond the region of the giant arcs and Mg
II absorber galaxy, where we lack strong lensing con-
straints.
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Figure 2. HST image with the z = 2.92 critical curve obtained from the lens model superimposed as the white line. Multiple
images of individual regions (e.g. region A: A1, A2, A3) are used as constraints in the lens model. Red points show the
model-predicted positions which are accurately reproduced in the northwestern arc (A1-A2, B1-B2, C1-C2-C3-C4). The eastern
counter image (A3, B3, C5) is reproduced in the correct vicinity although less accurately, likely in part because of nearby
substructure which is not included in the model.
Component σ σprior x xprior y yprior e eprior PA PAprior
and Profile or M or Mprior ” ”
cD-SIE 490 [km s−1] G(430,100) 0.37 G(0,0.2) -0.34 G(0,0.2) 0.41 U(0.2,0.5) 22 U(10,30)
Cluster-NFW 3.0× 1014 [h−1M] G(3e+14,2e+14) 1.25 U(-3,3) 1.94 U(-3,3) 0.39 U(0.2,0.5) 147 -
Perturber-SIE 59 [km s−1] - -6.2 - -4.3 - 0.4 U(0.2,0.4) 82 -
Absorber-SIS 160 [km s−1] G(80,10) -5.06 - -8.23 - - - - -
Table 2. Best-fit parameters of the lens model. x, y are the coordinates of the center of each profile in arcseconds relative to
the central deflector galaxy (Table 1), with North up (y) and East left (x). e is ellipticity and PA is the sky position angle. The
absorber SIS σ value scaled to the z = 0.43 plane is 160 km s−1. The priors used for each parameter are also listed. A Gaussian
prior with a standard deviation σ is denoted as G(value, σ), an uniform prior from a–b is denoted as U(a, b), and ’-’ indicates
that no priors were used.
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Figure 3. Left: Reconstruction of the absorber galaxy and the arcs to the absorber plane (z = 0.77) using the lens model
described in Section 3, superimposed on a color HST image. Shaded in orange is the region in consideration and in white is
the same region in the z = 0.77 plane. The center of the galaxy in the image plane and z = 0.77 plane are marked with red
and purple triangles, respectively. The scale bar shows 10 kpc in the z = 0.77 plane. Right: Map of CGM absorption velocity
measured in the absorber galaxy and background arc spectra (Section 4), in the z = 0.77 plane.
From the lens model we determine the magnification
factor of the z = 0.77 galaxy to be µ = 3.1, calculated
as the average areal magnification within a 2.′′5 box cen-
tered on the galaxy. We estimate the uncertainty to
be approximately 10% or ±0.3 in µ, corresponding to a
spatial offset of 1 arcsecond. The magnification is rea-
sonably precise since the lensing potential is well con-
strained from the two z ' 3 arcs in this vicinity.
To calculate impact parameters relevant for analysis
of spatial CGM structure in our data, we use the lens
model to ray-trace the position of each KCWI spaxel
to the z = 0.77 absorber plane. The locations of the
absorber galaxy and two arcs in this plane are shown
in Figure 3. The center of the absorber galaxy is de-
fined as the point of maximum continuum flux (marked
in Figure 3 for both image and source plane) and the
impact parameter is calculated for all spaxels as the ra-
dial distance from the galaxy center, in the z = 0.77
plane. The lens model indicates that both arcs subtend
azimuthal angles in the z = 0.77 plane near the minor
axes of the absorber galaxy, where we may expect out-
flow signatures (if present) to be prominent (e.g., Martin
et al. 2019; Lan & Mo 2018).
4. PHYSICAL PROPERTIES
4.1. Mg II Absorption Line Kinematics
Using the reduced KCWI data, we smoothed the flux
measurements using a 2D gaussian filter of FWHM =
0.5′′ to increase the signal-to-noise ratio (S/N) while
preserving the spatial resolution (FWHM = 1.′′0). From
there we measured the absorption strength and kine-
matics of Mg II λλ2796, 2803 at redshift z = 0.77 in
both arcs as well as the absorber galaxy. To quantify
the Mg II absorption properties, we selected all spaxels
corresponding to the absorber galaxy and the two back-
ground arcs with a minimum continuum S/N > 5 per
spectral pixel, giving us a combined total of 134 selected
spaxels.
At each spaxel position, the spectrum near 4950 A˚ was
fit using a sum of three gaussian profiles corresponding
to the Mg II doublet at z = 0.77 and the Si II λ1260 ab-
sorption line at z = 2.92 from the background arcs. The
triple-gaussian fit is parameterized by the rest-frame
equivalent width (W0), velocity offset (v), and velocity
dispersion (σ) for the three absorption lines. Our fit uses
a common redshift and velocity dispersion for both Mg
II lines in each spaxel. The fixed Mg II wavelength ra-
tio reduces the number of fit parameters, providing more
robust fits and avoiding spurious fits to noise in low S/N
regions. Spatial maps of the best-fit equivalent widths,
velocity offsets, and dispersions of Mg II absorption are
shown in Figure 4.
Of the spaxels that have continuum signal-to-noise ra-
tios > 5σ, we check the significance of Mg II absorp-
tion fits using a chi-square test. We compare how the
addition of Mg II components in our fit improves the
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Figure 4. Colormaps of Mg II λ2796 rest-frame equivalent widths (Left), velocity offsets (Middle), and velocity dispersions
(Right) of the Mg II gas in the z = 0.77 absorbing plane of the galaxy and the background arcs. Poorly-fitted spaxels (S/N > 5
and SMg < 5) are denoted by yellow downward arrows. Note: The spaxels in the colormaps are distinguished by their offset
separation (∆α,∆δ) with respect to the center of the absorber galaxy (see Figure 3).
chi-square value, compared to a fit with only the Si II
absorption, and thereby determine the detection signif-
icance SMg of Mg II absorption in units of standard de-
viations. Spaxels where detection of Mg II absorption is
marginal (< 5σ) are considered as “poor fits,” and will
be denoted in plots as either yellow triangles (e.g., Fig-
ures 4 & 5) or open-faced data points (e.g., Figure 7). A
full list of the fitted parameters, Mg II significance val-
ues (SMg), and continuum signal-to-noise ratios (S/N)
for each spaxel is in Table 5. The table also contains the
offset separation (∆α, ∆δ) of each spaxel with respect to
the galaxy in both the image plane (′′) and the z = 0.77
absorber plane (kpc) as well as the impact parameter of
each spaxel in the absorber plane (D).
The colormaps show strong Mg II absorption with
W 27960 > 1 A˚ across a large area in both arcs, indicat-
ing the widespread presence of cool, metal-enriched cir-
cumgalactic gas. In addition, the absorption strength
in the arcs is not uniform, indicating a clumpy medium
similar to the findings of Lopez et al. (2018), who also
performed a similar tomographic observation a z = 0.98
galaxy system (with somewhat lower inferred halo mass
Mhalo ∼ 1011M; cf. section 4.3 below) at impact
parameters ≈ 15–90 kpc. The Mg II absorption fits
from larger impact parameters of arc 1 suggest inho-
mogeneities within the CGM. It is likely that the CGM
can span the entirety of arc 1; however, the distribution
of Mg II that is well-detected is relatively close (within
∼40 kpc) to the absorber galaxy. While strong Mg II ab-
sorption is prominently seen from the CGM, the gas in
the arcs shows little bulk motion relative to the galaxy:
at first glance, the velocity offsets relative to the central
galaxy are fairly small (|v| . 80 km s−1) and typical ve-
locity dispersions seen in the background arcs are only
' 50 km s−1. Since we do not detect any stellar or neb-
ular features to determine the systematic redshift of the
galaxy, we caution that velocity offsets are converted
with respect to the average Mg II absorption redshift of
the galaxy-arc system (z ≈ 0.7711). We anticipate that
the true systemic redshift is likely underestimated and
could differ by up to ∼ 50 km s−1, based on the differ-
ences in velocity offsets between the two arcs. Relative
velocities within the CGM are nonetheless unaffected.
These “kinematically cold” arcs contrast with the larger
velocity dispersion (σ ≈ 170 km s−1) and blueshift ob-
served toward the Mg II absorber galaxy itself (“down-
the-barrel” kinematics; see Table 4), which is presum-
ably due to outflowing gas driven by star formation in
the galaxy.
4.2. Stellar Mass
We derive the stellar mass and other stellar popu-
lation properties from the integrated spectral energy
distribution. We measure broad-band fluxes in sev-
eral filters from observations with the Hubble Space
Telescope (programs GO-12368, GO-15378) and Pan-
Mg II Tomography of a z = 0.77 Galaxy Halo 7
STARRS (Chambers et al. 2016), summarized in Ta-
ble 3. To calculate magnitudes, we sum the flux within
a 2.′′25×3.′′25 aperture which captures the full spatial
extent detected in HST imaging. This aperture does
not capture extended flux in Pan-STARRS images due
to seeing, so we subtract 0.27 from the Pan-STARRS
magnitudes to match the HST photometry. We adopt a
minimum systematic uncertainty of 2% in photometric
fluxes, although the true uncertainty is likely even higher
(Ilbert et al. 2006). Photometric measurements are
then fit with the stellar population synthesis code FAST
(Kriek et al. 2009). We adopt Bruzual & Charlot (2003)
spectral templates with a Chabrier IMF, solar metallic-
ity, Calzetti et al. (2000) dust attenuation curve, and
an exponentially declining star formation history. The
resulting best-fit stellar mass is log(M∗/M) = 9.6+0.2−0.1,
corrected for a lensing magnification factor µ = 3.1±0.3.
Adopting a constant star formation history, the best fit
is log(M∗/M) = 9.8± 0.1 and SFR = 10± 5 M yr−1.
The specific star formation rate is consistent with the
“main sequence” of star-forming galaxies at z ≈ 0.8
(≈ 10−9.0 yr−1; e.g., Whitaker et al. 2014).
4.3. Halo Mass and Circular Velocity
The dark matter halo properties, and in particular
the expected rotation curve, are important for inter-
preting measurements of the circumgalactic gas kine-
matics. We estimate the dark matter halo mass us-
ing the stellar-to-halo mass relation of Behroozi et al.
(2013). For the source (absorber galaxy) redshift and
stellar mass, the expected halo virial mass and radius
are log(Mhalo/M) = 11.6±0.2 and Rvir = 115±20 kpc
(defined as Rvir = (3Mhalo/4pi × 200ρc)1/3 with ρc be-
ing the critical density at z=0.77), accounting for both
uncertainty in the stellar mass and ∼0.1 dex scatter in
Table 3. Photometry of the z = 0.77 Mg II
Absorber Galaxy
Filter AB magnitude
HST/ACS F606W 22.47± 0.02
HST/ACS F814W 21.45± 0.02
HST/WFC3-IR F110W 20.91± 0.02
HST/WFC3-IR F160W 20.56± 0.02
Pan-STARRS g 23.07± 0.24
Pan-STARRS r 22.45± 0.22
Pan-STARRS i 21.47± 0.09
Pan-STARRS z 21.65± 0.14
Note—The photometry is used to determine
the stellar mass and SFR.
the stellar-to-halo mass relation. The expected circu-
lar rotation velocity vc is relatively insensitive to halo
mass (e.g., Bullock & Boylan-Kolchin 2017). Over the
range of radii of interest here – from ∼10 kpc to of or-
der half the virial radius – a halo mass log(Mhalo/M) =
11.6 ± 0.2 corresponds to vc ≈ 100 ± 20 km s−1. For a
purely dispersion-supported halo, the expected velocity
dispersion is σm =
vc√
2
= 70 ± 10 km s−1 assuming an
isothermal profile.
5. SPATIAL AND KINEMATIC STRUCTURE OF
THE CGM
5.1. Optical Depth and Covering Fraction of Mg II
In this section, we examine whether variation in Mg
II equivalent width is caused by differences in the gas
covering fraction, column density, or a combination. A
key diagnostic is the optical depth of Mg II absorption
revealed by the doublet ratio. If lower equivalent width
is due to low gas column density, then we expect to see a
larger ratio of W 27960 /W
2803
0 in regions with weaker ab-
sorption, whereas if it is due to a lower covering fraction
we expect a ratio closer to one in the equivalent regions.
Figure 5 illustrates the equivalent width line ratios of
Mg II λ2796
(
W 27960
)
and Mg II λ2803
(
W 28030
)
. The
ratios are displayed in terms of an “opacity metric” ξ,
where
ξ =
1− W 27960
W 28030
SD
(
W 27960
W 28030
) , (1)
where SD(x) is the standard deviation of the line ratio x
obtained by propagating uncertainties. Optically thick
gas is characterized by W 27960 ' W 28030 , so our metric
classifies optically thick gas at ξ = 0. Optically thin
gas corresponds to values ξ < 0; for example, a value
of ξ = −3 would indicate that the Mg II absorption is
not optically thick at 3σ significance. Values ξ > 0 are
nonphysical for pure absorption, although in principle
such values can arise from saturated absorption com-
bined with emission line filling.
The results show that the two arcs mostly vary within
±1σ of ξ = 0, which is indicative of optically thick gas.
We see minimal indication of optically thin gas, and non-
physical values are located in spaxels near the edges of
the arcs where the absorption signal is not as strong,
possibly resulting from spurious fits. The low variation
among the line ratios indicates that the low equivalent
widths are driven primarily by kinematics and spatial
covering fraction, rather than column density. There-
fore, the variation in equivalent width appears to indi-
cate a patchy spatial distribution of Mg II gas, similar
to the results from Lopez et al. (2018, 2020).
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5.2. Equivalent Width vs. Impact Parameter
To achieve a better understanding of the spatial distri-
bution of Mg II gas in Figure 4, we compared the absorp-
tion profiles between the absorber galaxy and the two
gravitational arcs through both a stacked spaxel analy-
sis (Figure 6 and Table 4) and as a function of impact
parameter D (Figure 7). The results show that the av-
erage equivalent width of Mg II absorption seen in arc 1
is lower than in arc 2, even at fixed impact parameter
(Figure 7), and that both arcs exhibit lower equivalent
widths than the absorber galaxy. If there was uniform
homogeneity in the gas, we would expect similar mea-
surements of Mg II gas on both sides of the CGM (probed
by the two arcs). However, variations within each arc as
well as the mean differences between the arcs are incon-
sistent with a symmetric distribution of circumgalactic
gas. This anisotropy is broadly consistent with Mg II dis-
tributions seen around other galaxies (e.g., Lopez et al.
2018, 2020).
Both arcs show a moderate W0–D anti-correlation,
falling below the detection threshold for individual spax-
els at impact parameters D & 30 kpc from the center of
the galaxy (see Figure 6), limiting our analysis of the
Mg II distribution to within 5–30 kpc. We caution that
individual spaxels are not independent due to the seeing,
causing the correlated patterns seen in arc 2 measure-
ments. The true spatial resolution element corresponds
to ' 10 spaxels (' 15 kpc2) and spans ∼2–8 kpc in Fig-
ure 7. To account for the true resolution, we provided
local regression fits to both arcs in Figure 7 that were
obtained through locally weighted scatterplot smooth-
ing (LOWESS) methods. These LOWESS fits show the
overall trends of the Mg II gas in the arc sightlines, while
smoothing over the correlated spaxel patterns caused by
the seeing.
We compare our arc data in Figure 7 with quasar
sightlines from 182 intermediate redshift galaxies
(0.072 ≤ z ≤ 1.120) in the Mg II Absorber-Galaxy Cat-
alog (Nielsen et al. 2013a), as well as tomographic mea-
surements of two intermediate redshift galaxy systems
at z = 0.98 and z = 0.73 (with log(Mhalo/M) ≈ 11.0
and 11.6, respectively) described in Lopez et al. (2018,
2020). In general, our data is in agreement with the
trend of the quasar statistics (logWr(2796) = α1D+α2,
where α1 = 0.015± 0.002 and α2 = 0.27± 0.11; Nielsen
et al. 2013a) and falls well within the spread of the
quasar sight lines (RMSE ≈ 0.66). This result is consis-
tent with other individual galaxy measurements (Lopez
et al. 2018, 2020), concluding that the scatter seen in
the quasars likely includes a significant contribution
due to variation in the properties of individual halos,
in addition to intrinsic patchiness of the CGM (e.g.,
Figure 5. Colormap of the opacity metric (ξ) of
W 27960 /W
2803
0 in the absorber plane in units of standard devi-
ations. Values ∼ 0 correspond to optically thick gas whereas
values . −1 and & 1 may indicate optically thin gas and
nonphysical absorption ratios, respectively.
Rubin et al. 2018c). There are also apparent differences
between our equivalent width profiles and Lopez et al.
(2018, 2020). At impact parameters D & 20 kpc, the
equivalent width profiles of the Mg II gas decrease at
a steeper rate than both the quasar fit and the galaxy
profiles from Lopez et al., as evident by the rapid decline
of equivalent width measurements from the low Mg II
significance spaxels in arc 1. This provides evidence for
a heterogeneous CGM population among galaxies and
a rough indication of the halo-to-halo scatter.
5.3. Angular Momentum vs. Pressure Support
of CGM Gas
Comparison of the arcs with the absorber galaxy (Fig-
ure 6 and Table 4) reveals obvious differences in gas
kinematics. The absorber galaxy exhibits a distinct
blueshift in the bulk motion of the Mg II gas with a
velocity dispersion (σ ' 180 km s−1) roughly 4× larger
than in both arcs. Such a broad velocity range suggests
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Figure 6. (Left) Stacked spaxel analysis of the absorber galaxy (orange) and background arcs (blue and green) in the image
plane plotted over their continuum contours (grey). (Right) Stacked spaxel analysis of arc 1 separated into four sections of
similar spaxel area. Note: The spaxels incorporated in these analyses had continuum S/N > 3 to account for a larger coverage
of the galaxy and background arcs. Also, the figures are represented in the image plane rather than the z = 0.77 absorber plane
(see Figure 4). The measurements for Mg II λ2796 rest-frame W0, v, and σ for the stacked spaxels are reported in Table 4.
Table 4. Mg II λ2796 Absorption Distribution & Kinematics (Figure 6)
W0 v σ
(A˚) (km s−1) (km s−1)
Arc 2 (Green) 1.22± 0.09 0.46± 5.26 53.20± 8.11
Galaxy (Orange) 1.80± 0.52 −28.86± 28.27 174.38± 24.08
Arc 1 (Blue) 0.58± 0.11 15.63± 12.94 43.17± 22.90
Section 1 (Yellow) 0.65± 0.37 −127.78± 150.92 289.08± 114.89
Section 2 (Green) 0.69± 0.17 −3.32± 13.24 17.51± 50.35
Section 3 (Blue) 0.52± 0.16 26.24± 14.61 24.46± 40.00
Section 4 (Pink) 0.74± 0.18 44.29± 15.98 50.09± 25.89
a significant outflow component seen “down-the-barrel”
of the absorber galaxy, yet we see no evidence of such
broad outflow velocities in the background arcs even at
small impact parameters (∼ 10 kpc). We note that while
down-the-barrel measurements probe line-of-sight kine-
matics, the absorption can be dominated by dense gas
close to (or within) the galaxy and the velocity mea-
surements do not tell us how far the outflowing gas ex-
tends from the galaxy. We now examine the extent to
which velocity gradients in the background arcs can be
attributed to bulk rotational motion of the CGM.
To further probe the velocity structure seen in the
arcs, Figure 7 displays the velocity offsets and veloc-
ity dispersions as functions of impact parameter. Our
results indicate that the Mg II velocities show only mod-
est variation within both arcs, spanning a total range
of −25 . v . 80 km s−1. On the other hand, the range
of the velocity dispersions in the arcs is relatively large
(0 . σ . 165 km s−1) and averages σ ≈ 50± 30 km s−1,
such that the average velocity FWHM in any given
spaxel is larger than the variation in bulk motion seen
across the entire system. The mean σ value is similar
to the expected dark matter halo velocity dispersion of
σm = 70± 10 km s−1 for a dispersion-supported system
(Section 4.3; Elahi et al. 2018).
Another important feature of the Mg II kinematics
is that there is a noticeable difference in the velocity
offsets of the arcs (Figure 7), which may provide evi-
dence of angular momentum or a biconical outflow in
the system. For an approximately isothermal density
profile, we expect that the rotation vr and velocity dis-
persion σ are related via v2r ≈ v2c − 2σ2 (e.g., Burkert
et al. 2010). The bulk rotation velocity is expected to
be lower than the circular velocity of the potential be-
cause the radial pressure gradient counteracts the cen-
tripetal acceleration (see also Wellons et al. 2019). Here
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Figure 7. Mg II λ2796 rest-frame equivalent width (Top),
velocity offset (Middle), and velocity dispersion (Bottom)
as a function of impact parameter D in the absorber plane
for arc 1 (blue) and arc 2 (green). Poorly-fitted spaxels in
each arc (S/N > 5 and SMg < 5) are denoted by open-
faced data points of the equivalent colors in each plot. Error
bars show 1σ uncertainty in the best-fit parameters of each
spaxel. The lines in each arc were obtained through locally
weighted scatterplot smoothing (LOWESS) methods to un-
derstand the trends of the Mg II gas in the arcs while ignor-
ing the correlated spaxel patterns affected by the seeing.
For comparison, the black and grey data points are simi-
lar lensing tomographic measurements from Lopez et al.
(2018, 2020); the black line and shaded region shows the
maximum likelihood fit from Nielsen et al. (2013a) (for a
sample of quasar-galaxy pairs) and the associated sam-
ple root-mean-square variation.
vc = 100±20 km s−1 is the circular velocity based on the
estimated halo mass (Section 4.3), and we measure an
average σ = 50 km s−1 from the background arc sight-
lines. We therefore expect the bulk rotation velocity to
be vr = 70 ± 30 km s−1, with a ratio vr/σ = 1.4 ± 0.6.
Our measured velocities imply smaller vr than this, but
are compatible with this simple picture given the pos-
sible effects of inclination and orientation, and the un-
certainty on the absorber galaxy systemic redshift. For
example, the arcs may not sample the kinematic ma-
jor axis (as suggested by the lens model; Section 3).
We note that both arcs exhibit slight velocity gradients
(seen in e.g. Figure 7 and Table 4), which could arise
in part from rotation sampled at different azimuthal an-
gles. A rotation curve measurement for the absorber
galaxy, which we do not have at present, would be valu-
able for further constraining the angular momentum.
The galaxies in Lopez et al. (2018, 2020) exhibit higher
velocity offsets compared to our data (Figure 7), despite
lower (but comparable) stellar masses of the host galax-
ies. This may further indicate that, in a relative sense,
angular momentum is less important in the CGM of the
CSWA 38 system studied here than in the systems stud-
ied by Lopez et al. In summary, our measurements of
spatially resolved kinematics appear to be dominated
by a relatively uniform velocity dispersion component,
although we cannot rule out a substantial degree of ro-
tation.
6. PHYSICAL INTERPRETATION OF THE
CIRCUMGALACTIC ABSORPTION
Given the low velocity offsets and high velocity dis-
persions in both arcs (Section 5.3), we consider the
case where CGM absorption arises from a pressure-
supported halo. The halo mass of our absorber galaxy
(∼ 4× 1011 M) is roughly the mass scale above which
the CGM is expected to become hot and pressure-
supported (e.g., Birnboim & Dekel 2003; Keresˇ et al.
2005; Faucher-Gigue`re et al. 2011; Stern et al. 2019),
making this an interesting possibility.
We also consider the possibility of an underlying
subdominant outflow component contributing to the
pressure-supported CGM. Our triple-gaussian fits for
both arcs showed apparent underestimates in the cleaner
Mg II λ2803 line (Figure 8a). The residual absorption
was at redshifted velocities in arc 1 and blueshifted in arc
2, consistent with the distinct velocity offset between the
arcs (Figure 7). If this residual absorption were to orig-
inate from a bi-conical outflow component in the CGM,
we would expect a significant improvement in our fits by
searching for an underlying broad secondary component
in addition to the dominant σ ≈ 50 km s−1 CGM com-
ponent. To test whether such an additional kinematic
component is present, we fit the redder Mg II line with
a double gaussian profile: a narrow component corre-
sponding to pressure-supported gas, and a broader out-
flow component. We do not consider the λ2796 line due
to blending with strong Si II λ1260 in the background
arcs. We applied the fit to both arcs and compared the
results with the galaxy in Figure 8b.
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The absorber galaxy has a significant improvement
with the addition of the outflow component in its down-
the-barrel spectrum (corresponding to 3.3σ detection of
a second component), illustrating that the absorption
profile is intrinsically non-gaussian. This is consistent
with previous studies of outflows driven by stellar feed-
back from galactic disks, where down-the-barrel absorp-
tion profiles are typically asymmetric with a broad tail
toward blueshifted velocities (e.g., Bouche´ et al. 2012;
Bordoloi et al. 2014; Rubin et al. 2014; Schroetter et al.
2016). Arcs 1 and 2, on the other hand, experienced no
improvement when the outflow component was added
(the change in chi-square is smaller than the increase
in the number of free parameters in our two-component
fit). Therefore, we find no statistically significant evi-
dence of an outflow along the line-of-sight to the back-
ground arcs (i.e., transverse to the absorber galaxy). In-
terestingly, the lack of an extended outflow in the CGM
is consistent with the FIRE galaxy formation simula-
tions, which predict that as a hot, pressure-supported
CGM develops, outflows within the CGM are suppressed
(Muratov et al. 2015; Stern et al., in prep.). The
presence of a metal-enriched outflow in down-the-barrel
absorption may trace “recycling” winds from the cen-
tral galaxy (e.g., Oppenheimer et al. 2010; Hafen et al.
2019b).
Our argument for a mainly pressure-supported system
differs from other tomographic surveys of gravitational
arcs (Lopez et al. 2018, 2020). The previous studies by
Lopez et al. found evidence of a rotation signature in
the CGM, suggesting that the observations probed ac-
cretion onto the absorber galaxy. However, as discussed
in the previous section, our results favor a CGM sup-
ported largely by velocity dispersion, or pressure. Since
the galaxies studied by Lopez et al. are slightly less
massive, and the inferred halo mass for our absorber
galaxy is just around where simulations predict a CGM
phase transition from cold to hot, the differences can be
plausibly explained by halo mass-dependent effects. Our
results highlight that velocity dispersion, in addition to
bulk velocity, is an important parameter for understand-
ing CGM kinematics.
While the kinematic major axis of the absorber galaxy
is not known, it is interesting to consider effects of az-
imuthal sampling. The gravitational lens model recon-
struction (Section 3 and Figure 3) indicates that the
two arcs are roughly aligned with the minor axes of the
absorber galaxy, and do not sample along the major
axis. Other studies have examined CGM absorption de-
pendence on azimuthal angle (Bordoloi et al. 2011; Lan
& Mo 2018; Martin et al. 2019), with typically large
equivalent widths toward the minor axis where we ex-
pect gas outflows to be more prominent in star-forming
disk galaxies (Veilleux et al. 2005). If the strong absorp-
tion we see along the minor axis is indicative of outflows,
as other works suggest (e.g., Bordoloi et al. 2011; Bouche´
et al. 2012; Kacprzak et al. 2012; Lan et al. 2014; Lan &
Mo 2018), one would expect the outflowing gas to have
a velocity offset and a possibly large velocity dispersion.
While the arcs show a relative velocity offset with high
dispersions, the velocity offsets and dispersions in the
arcs overall are smaller than the clear outflow compo-
nent seen in the absorber galaxy spectrum (Figure 6;
Table 4). Parts of arc 1 (Section 1 in Figure 6) may be
consistent with the outflow picture; however, the error
bars in this region are too large for robust conclusions.
Furthermore, the two-component analysis discussed ear-
lier does not support an outflowing gas component in
this system.
Some of the enriched CGM gas may be accreting onto
the galaxy, rather than outflowing. The prevalence of
cool, metal-enriched gas with modest velocity suggests
that recycling gas replenishes the CGM, and may pro-
vide a reservoir to support ongoing star formation (pos-
sibly via spiraling inwards near the disk plane; e.g., Ho
et al. 2017; Martin et al. 2019). However we cannot draw
robust conclusions on inflows from the CGM based on
our results. To confirm whether Mg II absorption may
trace a bulk inflowing gas component, we would require
measurements of the absorber galaxy rotation curve to
model the expected CGM velocity field. Obtaining kine-
matic measurements of the absorber galaxy is therefore
promising for further constraining inflows and outflows
in this system.
7. DISCUSSION AND CONCLUSIONS
The CGM is important for understanding the gas flow
processes that drive the evolution of galaxies. To bet-
ter understand the CGM spatial structure and kine-
matics underlying these processes, we probed the cool
metal-enriched CGM of a z = 0.77 star-forming galaxy
(within the CSWA38 lens system) through a tomog-
raphy technique using bright giant gravitational arcs
as background sources. This adds to the (currently
small) sample of galaxies whose CGM has been mapped
spatially in absorption using integral field spectroscopy
combined with gravitational lensing, a technique pio-
neered by Lopez et al. (2018).
Our study is based on observations obtained with the
Keck Cosmic Web Imager. We have measured Mg II
λλ2796,2803 equivalent widths (W0), velocity offsets (v),
and velocity dispersions (σ) in a total of 134 spaxels,
each corresponding to '2 kpc2 at z = 0.77 for a typ-
ical magnification factor µ ' 3. The spatial resolu-
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(a) (b)
Figure 8. (a) Triple-gaussian profiles fitted to Mg II absorption lines of arc 1 (Top) and arc 2 (Bottom). Blue shaded
areas reveal underestimations in the absorption strength fit profiles, indicating the possible presence of a second kinematic
component. (b) Two-component gaussian fits (black) to Mg II absorption lines of arc 1 (Top), arc 2 (Middle), and the absorber
galaxy (Bottom). Red profiles indicate narrow pressure-supported gas components and blue profiles indicate broad outflow
components. The two-component model provides a better fit for the absorber galaxy, but does not statistically improve the fit
for either arc spectrum.
tion is 1.′′0 FWHM in the image plane and '15 kpc2
at z = 0.77. This configuration has allowed us to probe
the CGM in an individual galactic environment at back-
ground impact parameters D ' 5–40 kpc, in addition to
the absorber galaxy using down-the-barrel spectroscopy
(D = 0). Our findings can be summarized as follows:
1. CGM gas is well detected in Mg II absorption
against both background arcs out to D ≈ 25 kpc.
Spatial variation in absorption equivalent widths
combined with absorption line ratios indicate an
optically thick medium with patchy distribution
(i.e., varying covering fraction). These results
are broadly consistent with the clumpy CGM in-
ferred from previous tomographic CGM measure-
ments using gravitational lensing (Lopez et al.
2018, 2020).
2. We observe a W0–D anti-correlation in the Mg
II absorption. The scatter of W 27960 in both arcs
(Figure 1) is smaller than the halo-to-halo scatter
measured from quasar sightlines through the ha-
los of different foreground galaxies (Nielsen et al.
2013a). While both arcs in the CSWA38 lens sys-
tem fit well within the 1σ scatter of a fit to the
(Nielsen et al. 2013a) data, the W0 − D scatter
among individual galaxies studied to date supports
a heterogeneous population. Some of the differ-
ences may also arise from sample effects, such as
absorber galaxy properties and orientations.
3. Absorption line kinematics in the arcs suggest
that the Mg II bearing gas is largely pressure-
supported. The velocity dispersion is at least half
of the expected rotation velocity, in contrast to
other systems which show a higher degree of ro-
tational support (Lopez et al. 2018, 2020). While
the absorber galaxy spectrum shows clear outflow
kinematics in down-the-barrel Mg II absorption,
there is little evidence of any active outflow com-
ponent at D & 10 kpc from the background arc
sightlines.
Future study of the CSWA38 lens system will benefit
from an accurate measurement of the absorber galaxy
systemic redshift and rotation curve, for example from
nebular emission lines such as [O II] or Hα. This will
provide more accurate CGM gas velocities relative to
the central galaxy, and will either help confirm the
pressure-dominated interpretation or identify a more
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significant rotation component. Regardless, our study
demonstrates that tomographic mapping continues to
provide new, more detailed insights into the structure
and kinematics of the CGM. This technique thus adds
considerably to our toolkit for understanding the gas in-
flow/outflow processes that regulate star formation and
quenching in evolving galaxies.
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Table 5. Extended Data Table of Mg II Absorption Distribution & Kinematics
∆αa ∆δa ∆αb ∆δb Dc W0
d ve σf SMg
g S/Nh
(′′) (′′) (kpc) (kpc) (kpc) (A˚) (km s−1) (km s−1)
−3.23 −4.55 −10.05 −23.97 26.03 0.39± 0.31 89.04± 49.58 37.89± 68.37 1.20 5.17
−6.14 −4.20 −22.68 −22.08 31.65 1.6± 0.72 −126.02± 114.87 216.82± 71.46 4.19 5.11
−5.82 −4.20 −21.32 −22.00 30.61 1.06± 0.85 −129.57± 83.78 150.06± 71.58 3.36 5.15
−4.20 −4.20 −14.29 −21.85 26.07 0.85± 0.29 −12.33± 17.54 0.0± 50.35 5.21 5.45
−3.88 −4.20 −12.85 −21.77 25.33 0.99± 0.36 25.61± 31.66 72.84± 38.79 5.81 5.42
−3.56 −4.20 −11.49 −21.85 24.66 0.93± 0.39 35.24± 36.33 77.08± 44.22 5.32 6.10
−3.23 −4.20 −10.13 −21.85 24.06 0.64± 0.38 33.25± 43.27 70.64± 54.14 3.09 6.66
−2.91 −4.20 −8.69 −21.85 23.54 0.35± 0.28 46.41± 37.16 57.95± 47.76 2.68 7.01
−2.59 −4.20 −7.33 −21.92 23.11 0.37± 0.24 29.52± 20.72 0.0± 54.76 3.69 5.80
−2.26 −4.20 −5.90 −22.00 22.76 0.41± 0.26 33.15± 21.96 0.0± 56.49 3.27 5.01
−1.29 −4.20 −1.66 −22.30 22.33 0.56± 0.4 28.5± 29.93 40.7± 44.72 2.84 5.27
−7.11 −3.85 −26.84 −20.19 33.59 0.43± 0.42 179.44± 178.63 276.06± 146.73 3.05 6.40
−6.79 −3.85 −25.48 −20.11 32.41 0.42± 1.19 −129.57± 319.99 365.78± 276.72 4.01 7.70
−6.47 −3.85 −24.04 −19.96 31.27 0.78± 0.8 −129.57± 342.97 337.24± 269.89 3.52 6.87
−6.14 −3.85 −22.60 −19.88 30.15 0.58± 0.83 −129.57± 141.95 170.92± 106.23 2.05 6.32
−5.82 −3.85 −21.24 −19.88 29.07 0.32± 0.31 −102.13± 38.5 0.0± 81.45 1.71 5.71
−5.50 −3.85 −19.81 −19.81 28.03 0.2± 0.29 −93.1± 33.92 0.0± 73.58 2.22 5.62
−5.17 −3.85 −18.45 −19.73 27.02 0.43± 0.31 −49.79± 28.76 0.0± 67.29 3.60 5.32
−4.20 −3.85 −14.29 −19.66 24.31 1.06± 0.29 −24.47± 16.62 0.0± 48.34 5.60 5.40
−3.88 −3.85 −12.85 −19.66 23.52 0.86± 0.26 −16.77± 18.47 0.0± 51.37 5.61 5.70
−3.56 −3.85 −11.49 −19.66 22.80 1.2± 0.35 −3.17± 28.1 77.82± 34.14 6.40 6.60
−3.23 −3.85 −10.13 −19.73 22.15 1.73± 0.46 −11.97± 41.16 136.51± 42.18 7.19 7.11
−2.91 −3.85 −8.77 −19.73 21.58 0.49± 0.24 0.45± 16.67 0.0± 48.91 5.60 7.02
−2.59 −3.85 −7.33 −19.81 21.10 0.28± 0.23 6.37± 17.76 0.0± 50.32 5.06 5.96
−2.26 −3.85 −5.97 −19.81 20.71 0.11± 0.26 14.37± 26.05 26.43± 43.48 3.50 5.11
−1.94 −3.85 −4.61 −19.88 20.43 0.56± 0.4 108.17± 52.33 113.3± 56.89 3.19 5.21
−1.62 −3.85 −3.25 −19.96 20.25 0.77± 0.36 44.25± 29.42 64.42± 37.74 4.01 5.28
−1.29 −3.85 −1.81 −20.11 20.18 0.89± 0.3 50.97± 23.46 57.09± 31.1 4.78 5.78
−0.97 −3.85 −0.45 −20.26 20.24 0.9± 0.27 53.95± 18.43 41.46± 27.86 5.07 5.56
−0.65 −3.85 0.98 −20.41 20.41 0.79± 0.24 53.79± 15.41 31.44± 26.57 5.63 5.43
−0.32 −3.85 2.42 −20.56 20.70 0.67± 0.25 67.19± 16.72 48.85± 23.99 6.09 5.26
0.00 −3.85 3.86 −20.71 21.10 0.9± 0.3 67.06± 21.44 77.96± 26.06 6.23 5.36
0.32 −3.85 5.29 −20.94 21.62 1.23± 0.32 50.55± 24.73 92.0± 28.8 6.50 5.32
−7.43 −3.50 −28.20 −18.14 33.51 0.5± 0.23 −6.79± 32.18 0.0± 71.2 2.53 5.29
−7.11 −3.50 −26.76 −18.07 32.28 0.67± 0.34 179.44± 156.71 260.45± 113.56 4.03 7.78
−6.79 −3.50 −25.33 −17.99 31.07 0.92± 0.37 179.44± 191.92 283.99± 133.49 5.02 9.23
−6.47 −3.50 −23.97 −17.84 29.89 0.57± 0.52 −129.57± 197.76 276.62± 152.07 3.87 9.10
−6.14 −3.50 −22.53 −17.77 28.74 0.34± 0.24 −79.19± 34.41 0.0± 74.51 2.57 6.70
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Table 5 (continued)
∆αa ∆δa ∆αb ∆δb Dc W0
d ve σf SMg
g S/Nh
(′′) (′′) (kpc) (kpc) (kpc) (A˚) (km s−1) (km s−1)
−5.50 −3.50 −19.81 −17.69 26.54 0.26± 0.27 −79.7± 34.67 0.0± 74.37 2.30 5.61
−3.23 −3.50 −10.13 −17.61 20.30 1.71± 0.52 37.98± 39.4 133.2± 40.64 6.51 6.04
−2.91 −3.50 −8.77 −17.61 19.67 1.19± 0.44 37.82± 34.07 102.2± 38.44 5.39 5.22
−1.29 −3.50 −1.97 −17.92 18.06 0.83± 0.29 48.3± 21.53 49.63± 30.04 4.61 5.19
−0.97 −3.50 −0.60 −18.07 18.09 0.98± 0.25 44.85± 15.59 35.92± 25.44 5.65 5.86
−0.65 −3.50 0.83 −18.22 18.25 0.98± 0.24 44.9± 15.31 43.58± 23.15 6.44 5.79
−0.32 −3.50 2.19 −18.45 18.54 1.0± 0.25 66.76± 17.9 74.72± 22.18 7.26 6.23
0.00 −3.50 3.63 −18.60 18.96 1.11± 0.29 66.8± 19.37 89.32± 22.86 7.75 6.65
0.32 −3.50 5.07 −18.82 19.50 1.29± 0.31 42.88± 18.86 83.9± 22.67 8.72 6.43
0.65 −3.50 6.58 −19.05 20.16 1.32± 0.33 35.51± 21.85 82.44± 26.25 7.54 5.95
−7.43 −3.15 −28.05 −16.10 32.32 0.57± 0.2 −2.98± 23.11 0.0± 58.48 3.84 6.31
−7.11 −3.15 −26.61 −15.95 31.06 0.73± 0.32 179.44± 164.9 252.45± 119.53 3.34 9.57
−6.79 −3.15 −25.25 −15.88 29.83 0.69± 0.75 −129.57± 315.93 361.69± 253.96 4.67 9.86
−6.47 −3.15 −23.89 −15.80 28.62 0.58± 0.41 −129.57± 93.4 203.12± 72.78 4.63 8.81
−6.14 −3.15 −22.45 −15.72 27.43 0.33± 0.21 −111.59± 24.72 0.0± 60.91 4.15 6.42
−0.97 −3.15 −0.76 −15.95 15.96 1.05± 0.26 26.12± 14.84 0.0± 45.25 5.47 5.57
−0.65 −3.15 0.60 −16.10 16.11 1.05± 0.28 30.14± 19.39 37.51± 30.28 4.70 5.40
−0.32 −3.15 1.97 −16.25 16.41 1.12± 0.32 64.7± 26.03 80.66± 31.27 4.88 5.89
0.00 −3.15 3.40 −16.48 16.84 1.39± 0.33 80.64± 22.0 99.76± 25.33 7.07 6.79
0.32 −3.15 4.84 −16.71 17.41 1.71± 0.3 52.51± 17.25 95.77± 20.1 10.23 7.44
0.65 −3.15 6.27 −16.93 18.10 1.47± 0.26 17.17± 14.45 58.19± 19.69 10.00 6.66
0.97 −3.15 7.79 −17.24 18.91 1.12± 0.27 8.31± 15.71 0.0± 47.1 6.33 5.23
−7.44 −2.80 −27.90 −13.99 31.23 0.5± 0.23 6.59± 27.87 0.0± 65.19 2.89 5.46
−7.11 −2.80 −26.54 −13.91 29.95 0.66± 0.59 −129.57± 532.84 332.54± 341.29 2.38 8.14
−6.79 −2.80 −25.17 −13.76 28.69 0.8± 0.46 −129.57± 106.24 239.28± 78.43 5.62 8.43
−6.47 −2.80 −23.81 −13.68 27.45 0.87± 0.47 −129.57± 82.31 206.33± 63.39 5.85 6.87
0.32 −2.80 4.54 −14.67 15.33 1.8± 0.36 66.12± 21.43 103.09± 24.44 9.26 5.35
0.65 −2.80 6.05 −14.89 16.07 1.11± 0.27 17.02± 13.56 8.56± 36.03 7.75 5.08
−0.65 −0.70 −0.83 −1.59 1.81 2.76± 0.98 −44.32± 36.43 184.63± 28.46 11.78 5.01
−0.32 −0.70 −0.08 −2.04 2.03 2.52± 0.39 −14.59± 30.5 177.44± 26.86 11.18 5.28
0.00 −0.70 0.98 −2.57 2.76 2.15± 0.43 −17.93± 47.57 200.8± 38.81 8.24 5.22
−0.65 −0.35 −1.21 0.38 1.28 2.77± 0.36 −35.9± 29.52 195.12± 24.69 12.64 5.45
−0.32 −0.35 −0.83 −0.45 0.93 2.58± 0.37 −9.36± 29.59 188.43± 25.28 12.21 5.91
0.00 −0.35 0.45 −1.06 1.17 2.63± 0.4 −16.83± 39.3 211.06± 31.26 11.07 6.55
0.32 −0.35 1.89 −1.51 2.44 2.33± 0.49 −40.37± 55.67 200.6± 41.57 8.23 5.91
−0.32 −0.00 −1.59 0.23 1.57 2.54± 0.4 11.87± 31.95 185.26± 27.49 10.11 5.19
0.00 0.00 0.00 0.00 0.00 2.66± 0.4 6.27± 28.69 173.94± 25.68 9.38 6.06
0.32 0.00 1.59 −0.23 1.60 2.16± 0.41 −18.27± 24.34 118.39± 26.92 8.22 5.18
−1.29 1.40 −4.01 6.58 7.70 1.21± 0.29 16.88± 12.95 0.0± 42.3 7.71 5.05
−0.97 1.40 −2.95 6.27 6.94 0.86± 0.24 13.61± 12.61 10.61± 32.57 7.45 5.63
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Table 5 (continued)
∆αa ∆δa ∆αb ∆δb Dc W0
d ve σf SMg
g S/Nh
(′′) (′′) (kpc) (kpc) (kpc) (A˚) (km s−1) (km s−1)
−0.65 1.40 −1.97 6.05 6.36 0.77± 0.25 −0.6± 13.74 41.44± 21.46 9.05 5.64
−0.32 1.40 −0.83 5.97 6.02 0.93± 0.27 −15.33± 14.67 52.58± 20.68 9.12 6.21
−0.00 1.40 0.30 5.90 5.93 1.6± 0.49 1.71± 40.27 165.17± 35.36 9.20 5.83
−1.62 1.75 −5.52 8.69 10.28 1.05± 0.2 21.46± 10.43 10.99± 28.37 9.33 6.94
−1.29 1.75 −4.38 8.39 9.46 1.02± 0.17 19.22± 8.42 0.0± 33.48 11.16 8.17
−0.97 1.75 −3.25 8.16 8.76 1.0± 0.15 14.12± 7.73 19.57± 18.52 14.22 10.07
−0.65 1.75 −2.12 7.94 8.22 1.13± 0.16 4.93± 8.3 43.3± 13.29 17.27 11.41
−0.32 1.75 −0.98 7.79 7.88 1.26± 0.18 −0.43± 9.73 55.7± 13.77 15.39 12.37
−0.00 1.75 0.23 7.71 7.74 1.32± 0.24 1.76± 15.14 85.52± 18.16 12.29 10.00
0.32 1.75 1.59 7.71 7.85 1.44± 0.37 −6.06± 31.49 142.31± 30.47 8.47 6.78
0.65 1.75 2.95 7.64 8.20 1.02± 0.6 −7.13± 62.95 145.83± 57.46 3.98 5.12
−1.94 2.10 −6.96 10.74 12.83 1.0± 0.21 21.96± 13.88 34.34± 23.49 6.77 6.81
−1.62 2.10 −5.82 10.51 11.98 1.0± 0.15 16.19± 8.96 32.4± 16.48 10.80 10.22
−1.29 2.10 −4.61 10.21 11.22 1.02± 0.12 14.04± 6.8 27.43± 14.1 16.26 12.74
−0.97 2.10 −3.48 9.98 10.58 1.13± 0.12 12.52± 6.53 33.99± 12.1 21.49 14.37
−0.65 2.10 −2.27 9.83 10.07 1.24± 0.13 8.99± 6.76 44.64± 10.82 23.84 15.19
−0.32 2.10 −1.06 9.68 9.73 1.31± 0.13 6.55± 7.25 54.59± 10.49 22.17 16.31
−0.00 2.10 0.15 9.60 9.57 1.34± 0.15 10.51± 8.4 62.65± 11.41 18.09 13.16
0.32 2.10 1.51 9.53 9.61 1.37± 0.18 16.21± 9.91 64.7± 13.21 13.86 9.94
0.65 2.10 2.87 9.45 9.86 1.4± 0.24 11.31± 14.01 77.22± 17.36 10.17 8.25
0.97 2.10 4.31 9.37 10.32 1.1± 0.33 38.47± 17.71 43.4± 26.85 6.06 5.38
−2.26 2.45 −8.47 12.78 15.34 0.98± 0.26 27.03± 20.11 27.55± 34.86 4.60 5.35
−1.94 2.45 −7.26 12.55 14.48 0.99± 0.16 −1.85± 11.57 38.88± 18.98 9.79 9.48
−1.62 2.45 −6.05 12.25 13.69 1.0± 0.13 0.33± 8.22 38.1± 14.06 14.99 12.21
−1.29 2.45 −4.91 12.02 12.98 1.06± 0.11 3.04± 6.65 35.37± 12.04 19.71 13.81
−0.97 2.45 −3.70 11.79 12.38 1.18± 0.11 5.52± 6.03 39.55± 10.36 25.10 16.52
−0.65 2.45 −2.49 11.64 11.90 1.28± 0.11 5.0± 6.13 48.3± 9.48 26.71 18.39
−0.32 2.45 −1.21 11.49 11.57 1.35± 0.12 5.16± 6.52 58.11± 9.22 26.06 18.62
−0.00 2.45 0.08 11.42 11.40 1.43± 0.12 8.91± 6.64 63.83± 9.02 24.47 18.29
0.32 2.45 1.44 11.34 11.39 1.53± 0.13 9.78± 7.03 66.93± 9.35 22.28 17.29
0.65 2.45 2.80 11.19 11.57 1.67± 0.18 −2.34± 9.27 81.78± 11.45 17.05 12.95
0.97 2.45 4.23 11.11 11.92 1.64± 0.24 −7.81± 13.3 83.7± 16.16 11.54 7.90
−1.94 2.80 −7.56 14.29 16.14 0.94± 0.15 −21.98± 9.71 11.71± 26.46 11.50 9.20
−1.62 2.80 −6.35 14.06 15.40 0.99± 0.12 −8.31± 7.5 30.88± 14.42 16.97 12.23
−1.29 2.80 −5.14 13.83 14.73 1.04± 0.11 −4.59± 6.64 33.96± 12.29 18.42 14.43
−0.97 2.80 −3.86 13.61 14.16 1.17± 0.1 −2.53± 6.04 41.85± 10.06 23.06 18.31
−0.65 2.80 −2.65 13.46 13.71 1.29± 0.11 −0.63± 6.03 51.78± 9.01 26.61 19.71
−0.32 2.80 −1.36 13.31 13.39 1.38± 0.11 2.94± 6.24 60.9± 8.65 27.83 20.31
−0.00 2.80 −0.00 13.23 13.21 1.49± 0.12 5.44± 6.33 66.59± 8.46 28.28 22.95
0.32 2.80 1.29 13.08 13.18 1.59± 0.13 1.11± 6.68 72.73± 8.64 29.50 25.31
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Table 5 (continued)
∆αa ∆δa ∆αb ∆δb Dc W0
d ve σf SMg
g S/Nh
(′′) (′′) (kpc) (kpc) (kpc) (A˚) (km s−1) (km s−1)
0.65 2.80 2.72 13.00 13.29 1.7± 0.15 −7.97± 7.77 78.36± 9.77 25.02 18.14
0.97 2.80 4.16 12.93 13.57 1.68± 0.18 −7.3± 9.45 72.92± 12.12 16.96 10.05
1.29 2.80 5.67 12.78 14.01 1.46± 0.23 −1.68± 12.22 67.6± 15.92 12.26 6.43
−1.94 3.15 −7.79 16.03 17.80 1.08± 0.21 −17.2± 12.81 35.05± 21.72 8.64 6.50
−1.62 3.15 −6.58 15.80 17.09 1.07± 0.13 −3.18± 8.34 38.65± 14.12 15.22 10.57
−1.29 3.15 −5.37 15.57 16.46 1.04± 0.11 −6.46± 7.36 39.13± 12.52 18.13 14.72
−0.97 3.15 −4.08 15.42 15.91 1.14± 0.11 −7.58± 6.47 41.81± 10.73 22.00 16.93
−0.65 3.15 −2.80 15.20 15.48 1.23± 0.1 −2.33± 5.82 47.16± 9.11 26.09 17.87
−0.32 3.15 −1.44 15.12 15.18 1.33± 0.1 2.76± 5.67 54.03± 8.32 29.80 20.21
−0.00 3.15 −0.15 14.97 15.00 1.43± 0.11 0.9± 6.06 60.96± 8.41 31.05 22.22
0.32 3.15 1.21 14.89 14.96 1.52± 0.12 −7.14± 6.72 69.76± 8.82 32.61 23.73
0.65 3.15 2.57 14.82 15.03 1.6± 0.13 −10.25± 7.13 71.99± 9.24 29.26 20.79
0.97 3.15 4.01 14.67 15.22 1.6± 0.15 −6.04± 7.67 67.8± 10.14 22.17 13.27
1.29 3.15 5.52 14.59 15.57 1.47± 0.2 −1.93± 9.5 66.33± 12.57 17.99 8.82
1.62 3.15 7.11 14.44 16.10 1.28± 0.34 8.19± 14.13 66.98± 18.59 11.38 5.73
−1.62 3.50 −6.80 17.46 18.77 1.12± 0.22 8.08± 14.07 46.7± 20.89 8.89 6.40
−1.29 3.50 −5.52 17.31 18.16 0.94± 0.15 −5.63± 10.7 42.16± 17.0 13.05 9.73
−0.97 3.50 −4.23 17.09 17.63 1.05± 0.12 −9.6± 7.24 33.25± 13.41 19.03 12.05
−0.65 3.50 −2.95 16.93 17.21 1.16± 0.1 −1.75± 5.69 34.98± 10.48 24.01 14.05
−0.32 3.50 −1.59 16.86 16.91 1.24± 0.1 1.91± 5.38 38.56± 9.42 27.40 16.08
−0.00 3.50 −0.23 16.78 16.76 1.29± 0.11 −3.83± 5.77 46.0± 9.17 29.11 17.88
0.32 3.50 1.13 16.71 16.73 1.37± 0.12 −11.23± 6.49 58.85± 9.13 29.04 18.72
0.65 3.50 2.42 16.56 16.75 1.44± 0.12 −12.25± 6.76 63.28± 9.21 24.57 16.60
0.97 3.50 3.86 16.41 16.86 1.41± 0.14 −12.74± 7.05 60.26± 9.78 21.17 13.94
1.29 3.50 5.44 16.25 17.14 1.19± 0.2 −12.28± 9.05 53.82± 13.2 17.72 9.94
1.62 3.50 7.03 16.18 17.60 0.95± 0.33 −6.25± 14.09 42.09± 22.38 8.71 6.34
−0.97 3.85 −4.46 18.82 19.31 0.94± 0.17 −11.89± 10.03 18.26± 23.31 9.72 7.68
−0.65 3.85 −3.10 18.60 18.89 1.12± 0.13 −1.62± 6.92 24.67± 15.07 15.44 11.05
−0.32 3.85 −1.74 18.52 18.57 1.17± 0.13 −1.26± 6.48 24.45± 14.33 17.22 11.37
−0.00 3.85 −0.30 18.37 18.38 1.17± 0.12 −7.84± 6.16 31.55± 11.95 20.01 13.38
0.32 3.85 1.13 18.37 18.42 1.25± 0.11 −13.73± 6.1 47.12± 9.55 23.86 14.78
0.65 3.85 2.19 18.22 18.32 1.29± 0.12 −17.81± 6.36 50.3± 9.61 21.17 13.37
0.97 3.85 3.70 17.99 18.40 1.19± 0.15 −21.25± 7.14 42.08± 11.77 18.36 11.71
1.29 3.85 5.29 17.92 18.67 0.99± 0.21 −21.68± 9.67 34.16± 17.45 14.72 9.17
1.62 3.85 6.88 17.84 19.11 0.7± 0.34 −22.93± 17.99 15.55± 38.58 5.66 5.18
−0.65 4.20 −3.25 20.26 20.53 1.11± 0.22 0.48± 11.29 28.28± 21.36 8.23 6.10
−0.32 4.20 −1.89 20.11 20.17 1.09± 0.16 −7.35± 8.61 18.28± 20.74 10.82 7.54
−0.00 4.20 −0.45 19.88 19.90 1.1± 0.13 −15.1± 7.02 24.78± 15.25 14.49 10.19
0.32 4.20 0.91 19.66 19.68 1.16± 0.12 −19.09± 6.41 35.35± 11.64 19.06 11.48
0.65 4.20 2.19 19.58 19.71 1.15± 0.13 −20.07± 6.83 34.9± 12.43 17.68 10.61
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Table 5 (continued)
∆αa ∆δa ∆αb ∆δb Dc W0
d ve σf SMg
g S/Nh
(′′) (′′) (kpc) (kpc) (kpc) (A˚) (km s−1) (km s−1)
0.97 4.20 3.63 19.58 19.92 1.06± 0.17 −19.99± 8.49 28.17± 16.91 14.76 9.61
1.29 4.20 5.22 19.50 20.22 0.96± 0.25 −18.11± 13.69 31.01± 24.59 9.38 6.95
−0.00 4.55 −0.68 21.55 21.56 1.04± 0.17 −19.13± 9.48 14.52± 24.29 10.68 7.29
0.32 4.55 0.68 21.39 21.40 1.07± 0.16 −16.39± 8.57 22.73± 18.79 12.98 8.76
0.65 4.55 2.12 21.32 21.40 1.02± 0.18 −10.76± 10.13 29.52± 19.19 11.74 7.90
0.97 4.55 3.63 21.24 21.55 0.98± 0.22 −7.66± 13.87 35.63± 23.21 9.06 6.91
1.29 4.55 5.14 21.24 21.83 1.12± 0.32 −0.88± 25.06 57.73± 33.12 4.76 5.23
0.32 4.90 0.60 23.13 23.13 0.95± 0.24 0.67± 15.99 20.3± 32.36 7.01 5.97
0.65 4.90 2.04 23.06 23.12 0.98± 0.29 5.46± 20.64 41.8± 30.88 6.41 5.09
aArc-position angular separation to galaxy in the image plane; bArc-position physical separation to galaxy in the
absorber plane; cProjected physical separation to galaxy in the absorber plane; dMg II λ2796 absorption-strength
(with 1σ error); eVelocity offset relative to z = 0.7711 (with 1σ error); fVelocity dispersion relative to z =
0.7711 (with 1σ error); gMg II fit significance values; hSignal-to-noise ratio to the continuum.
